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Abstract
The	adaptive	potential	of	livestock	under	a	warming	climate	is	increasingly	relevant	
in	relation	to	the	growing	pressure	of	global	food	security.	Studies	on	heat	tolerance	
demonstrate	the	interplay	of	adaptation	and	acclimatization	in	functional	traits,	for	
example,	a	reduction	in	body	size	and	enhanced	tolerance	in	response	to	a	warming	
climate.	However,	current	lack	of	understanding	of	functional	traits	and	phylogenetic	
history	among	phenotypically	distinct	populations	constrains	predictions	of	climate	
change	impact.	Here,	we	demonstrate	evidence	of	parallel	evolution	in	adaptive	tol‐
erance	to	heat	stress	in	dwarf	cattle	breeds	(DCB,	Bos taurus indicus)	and	compare	
their	 thermoregulatory	 responses	with	 those	 in	 standard	 size	 cattle	 breeds	 (SCB,	
crossbred,	Bos taurus indicus × Bos taurus taurus).	We	measured	vital	physiological,	
hematological,	biochemical,	and	gene	expression	changes	in	DCB	and	SCB	and	com‐
pared	the	molecular	phylogeny	using	mitochondrial	genome	(mitogenome)	analysis.	
Our	results	show	that	SCB	can	acclimatize	in	the	short	term	to	higher	temperatures	
but	 reach	 their	 tolerance	 limit	 under	 prevailing	 tropical	 conditions,	 while	 DCB	 is	
adapted	to	the	warmer	climate.	Increased	hemoglobin	concentration,	reduced	cellu‐
lar	size,	and	smaller	body	size	enhance	thermal	tolerance.	Mitogenome	analysis	re‐
vealed	that	different	lineages	of	DCB	have	evolved	reduced	size	independently,	as	a	
parallel	adaptation	to	heat	stress.	The	results	illustrate	mechanistic	ways	of	dwarfing,	
body	 size‐dependent	 tolerance,	 and	differential	 fitness	 in	a	 large	mammal	 species	
under	harsh	field	conditions,	providing	a	background	for	comparing	similar	popula‐
tions	during	global	climate	change.	These	demonstrate	the	value	of	studies	combin‐
ing	 functional,	 physiological,	 and	 evolutionary	 approaches	 to	 delineate	 adaptive	
potential	and	plasticity	 in	domestic	species.	We	thus	highlight	 the	value	of	 locally	
adapted	breeds	as	a	reservoir	of	genetic	variation	contributing	to	the	global	domestic	
genetic	resource	pool	that	will	become	increasingly	important	for	livestock	produc‐
tion	systems	under	a	warming	climate.
2  |     ELAYADETH‐MEETHAL ET AL.
1  | INTRODUC TION
Climate	change	is	one	of	the	key	threats	to	agricultural	production	
and	indeed	to	the	species	survival	in	the	Anthropocene	(Godfray	et	
al.,	2010;	Hoffmann,	Sgrò,	&	Kristensen,	2017;	Johnson	et	al.,	2017).	
Body	size	constrains	tolerance	and	the	smaller	size	is	an	adaptation	
to	 the	warmer	climate	 (McCain	&	King,	2014;	Pacifici	et	al.,	2017;	
Savolainen,	Lascoux,	&	Merila,	2013).	Hence,	how	species	cope	with	
change	will	be	 important	 in	defining	their	 likelihood	of	 future	suc‐
cess	(Mitchell	et	al.,	2018;	Pacifici	et	al.,	2015).	As	we	cannot	predict	
all	 traits	 that	may	 in	 future	be	 advantageous,	 the	 conservation	of	
biodiversity	within	domestic	livestock	is	important,	especially	in	the	
face	of	 rapidly	depleting	biodiversity	during	 climate	 change	 (Isbell	
et	al.,	2015;	Mitchell	et	al.,	2018).	Moreover,	heat	stress	is	becom‐
ing	 an	 increasingly	 important	 constraint	 on	 animal	 productivity	 in	
various	parts	of	the	world	(Collier,	Renquist,	&	Xiao,	2017;	Mitchell	
et	al.,	2018;	Pacifici	et	al.,	2015).	Potential	solutions	for	vulnerable	
populations	 are	 to	 engineer	 the	 environment	 (e.g.,	 controlled	 en‐
vironment	 buildings),	 which	 may	 prove	 to	 be	 unsustainable	 from	
an	 economic,	 environmental,	 or	 animal	welfare	 perspective,	 or	 to	
change/adapt	 the	animal	 to	one	that	 is	more	suited	 to	 the	climate	
(Godfray	et	al.,	2010;	Hoffmann	et	al.,	2017;	Johnson	et	al.,	2017).	
Here,	we	 focus	 on	 the	 latter,	which	 requires	 an	 understanding	 of	
the	 mechanisms	 of	 heat	 acclimatization	 and/or	 adaptation	 in	 ani‐
mals	(Pacifici	et	al.,	2015,	2017	;	Savolainen	et	al.,	2013;	Seebacher,	
White,	&	Franklin,	2015).	This	includes	a	knowledge	of	the	genetic	
architecture	of	traits,	that	is,	how	functional	traits	like	heat	tolerance	
and	body	size	can	change	 through	 individual	phenotypic	plasticity	
or	population‐level	evolution	(Klockmann,	Gunter,	&	Fischer,	2017;	
Pacifici	et	al.,	2015,	2017	).	To	date,	few	studies	have	attempted	to	
analyze	the	differential	tolerance	to	warming	and	underlying	func‐
tional	mutations	among	phenotypically	disparate	populations	(Brans	
et	 al.,	 2017;	 Seebacher	 et	 al.,	 2015).	 Specifically,	 previous	 studies	
lack	either	a	wide‐ranging	understanding	of	the	mechanism	behind	
functional	traits	at	physiological	and	molecular	levels	or	the	genetic	
milieu	by	which	they	evolved,	or	both	(Pacifici	et	al.,	2015,	2017	).
As	climate	changes,	organisms	adapt,	 acclimatize,	move,	or	die	
(Habary,	 Johansen,	Nay,	Steffensen,	&	Rummer,	2017).	The	differ‐
ential	 tolerance	may	be	due	 to	 the	plasticity	 in	populations	 facing	
opposing	 environmental	 conditions,	 as	 well	 as	 family‐specific	 in‐
nate	 plasticity	 that	 could	 enable	 adaptive	 variation	 (Savolainen	 et	
al.,	 2013;	 Seebacher	 et	 al.,	 2015).	 Adaptation	 to	 the	 environment	
is	a	complex	and	energetic	continuing	process	caused	by	mutations	
arising	and	diffusing	 through	populations	 (Savolainen	et	al.,	2013),	
whereas	 acclimatization	 involves	 changes	 in	 physiology	 includ‐
ing	 through	 gene	 expressions	 (Pacifici	 et	 al.,	 2015;	 Seebacher	 et	
al.,	2015).	Specifically,	 temporal	and	spatial	variations	 in	 traits	 like	
animal	body	size	are	explained	as	an	adaptive	 response	 to	climate	
warming	 and/or	 driven	 by	 changes	 in	 environmental	 productivity	
and	food	availability	(Gardner,	Peters,	Kearney,	Joseph,	&	Heinsohn,	
2011;	Martin,	Mead,	&	Barboza,	2018).	For	 instance,	physiological	
acclimatization	 to	environmental	 changes	 involves	variation	of	 the	
heat	 shock	 response,	 whereas	 other	 mechanisms	 mediate	 evolu‐
tionary	 changes	 in	 adaptive	 capability	 related	 to	 environmental	
gradients	 (Cahan	 et	 al.,	 2017).	Gearty,	McClain,	 and	Payne	 (2018)	
demonstrated	that	body	size	changes	and	associated	increased	evo‐
lutionary	 rate	 are	better	 explained	using	 an	energetic	 cost	model,	
integrating	 size‐reliant	 functions	 for	 feeding	 and	 energy	 spending	
on	 metabolism	 and	 thermoregulation.	 Thus,	 spatial	 and	 temporal	
variations	in	climate	drive	current	global	patterns	of	biodiversity	and	
determine	 local	 adaptation	 (Savolainen	 et	 al.,	 2013;	 Tilman	 et	 al.,	
2017).	 In	addition,	both	physiological	and	energetic	 limitations	can	
shape	trait	distributions	 (including	body	size)	across	climatic	gradi‐
ents	(Classen,	Steffan‐Dewenter,	Kindeketa,	&	Peters,	2017).
The	 traits	can	evolve	over	a	 long	period	of	 time	 (Slater,	2015),	
but	quickly	as	well	(Geerts	et	al.,	2015).	Decline	in	body	size	is	one	
of	the	universal	responses	to	warming	beside	variations	in	phenol‐
ogy	 and	 dissemination	 (Gardner	 et	 al.,	 2011).	 In	warmer	 climates,	
at	physiological	 level,	thermal	stress	response	is	mediated	through	
the	 hypothalamo‐hypophyseal‐adrenal	 axis	 (Withers,	 Cooper,	
Maloney,	 Bozinovic,	 &	 Neto,	 2016).	 Rectal	 temperature,	 respira‐
tory	rate,	and	heat	tolerance	index	(HTC)	that	combine	both	rectal	
temperature	 and	 respiratory	 rate	 can	predict	 breed	differences	 in	
heat	 tolerance	 in	humid	 tropical	environments	 (Amakiri	&	Funsho,	
1979;	Charoensook	et	al.,	2012;	McManus	et	al.,	2009).	On	the	other	
hand,	at	the	molecular	level,	two	independent	major	stress	response	
pathways	are	heat	shock	protein/heat	shock	factor	(HSP/HSF)	and	
reactive	oxygen	species	(Gill	et	al.,	2017).	The	HSP	70	is	considered	
as	a	biomarker	for	heat	stress	in	cattle	(Mehla	et	al.,	2014).	The	ex‐
pression	profiles	of	ATP1A1	(ATPase	Na+/K+	Transporting	Subunit	
Alpha	 1,	 signaling	 gene	 involved	 in	 ion‐pumping),	GAPDH	 (glycer‐
aldehyde	 3‐phosphate	 dehydrogenase,	 a	 gene	 related	 to	 energy	
metabolism),	 and	 ACTB	 (beta‐actin,	 a	 cytoskeletal	 actin)	 are	 also	
altered	 in	cattle	exposed	to	heat	stress	 (Gill	et	al.,	2017;	Mehla	et	
al.,	 2014).	Mitochondria	 integrate	environmental	 stimuli	 to	modify	
gene	expression	patterns	through	mitonuclear	communication	and	
act	as	a	controlling	pivot	in	metabolism	as	well	as	during	stress	re‐
sponse	 (Harbauer,	 Zahedi,	 Sickmann,	 Pfanner,	&	Meisinger,	 2014).	
In	addition,	mitochondrial	diversity	is	also	used	to	analyze	the	phy‐
logenetic	origin	of	breeds/populations	(Liu,	Cai,	Liu,	&	Zhang,	2018;	
Marinov,	Teofanova,	Radoslavov,	&	Hristov,	2018).	In	domestic	cat‐
tle,	mitogenome	analysis	provides	information	regarding	how	func‐
tional	 traits	 like	 body	 size	 and	 tolerance	 are	 evolved	 in	 different	
lineages	over	temporal	and	spatial	scales	(Achilli	et	al.,	2009,	2008	
).	Thus,	by	simultaneously	measuring	both	physiological	and	molec‐
ular	responses,	it	is	possible	to	assess	differential	tolerance	among	
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dissimilar	genetic	groups	of	animals	(Albon	et	al.,	2017;	Alfonzo	et	al.,	
2016;	Mitchell	et	al.,	2018).	Additionally,	mitogenome	analysis	can	
map	out	the	observed	differential	adaptive	trait	variations	at	phys‐
iological	and	molecular	levels	to	the	phylogeny	of	different	genetic	
groups	(Lajbner,	Pnini,	Camus,	Miller,	&	Dowling,	2018).
Generally,	separate	and	geographically	isolated	populations	that	
are	widely	distributed	and	abundant	enhance	the	ability	to	identify	
genetic	architecture	linked	with	phenotypic	variations	(Savolainen	et	
al.,	2013).	In	domestic	cattle,	genetic	composition	has	been	shaped	
by	geographic	segregation,	ancient	human	movements,	cross‐breed‐
ing,	and	gene	flow	among	domestic	and	wild	cattle	populations	(Jia	
et	al.,	2010;	Park	et	al.,	2015;	Taye	et	al.,	2017;	Troy	et	al.,	2001).	
Two	subspecies	of	cattle;	Bos taurus indicus (indicine)	and	Bos taurus 
taurus (taurine),	were	 domesticated	 from	 extinct	 aurochs	 (Bos pri‐
migenius)	(Decker	et	al.,	2014).	Indicine	and	taurine	lineages	are	di‐
verged	from	auroch	ancestors	about	0.74–1	Mya	(Loftus,	MacHugh,	
Bradley,	Sharp,	&	Cunningham,	1994)	and	three	main	assemblages	of	
modern	cattle:	African	and	Eurasian	taurine	and	Asian	indicine	are	
now	farmed	(Upadhyay	et	al.,	2017).	Indicus	haplotypes	1	and	2	di‐
verged	from	a	common	ancestor	about	5.3	±	2.6	and	10.9	±	3.5	thou‐
sand	years	ago,	respectively	(Hiendleder,	Lewalski,	&	Janke,	2008).	
Asian	 indicine	 cattle	 are	 composed	 of	B. t. taurus,	B. t. indicus,	 and	
B. javanicus (Decker	et	al.,	2014).	The	locally	adapted	hybrids	in	Asia,	
Africa,	and	America	are	crosses	of	hump‐less	 taurine	and	humped	
indicine	 (also	 called	 zebu)	 cattle,	while	 the	African	 taurine	 lineage	
predominates	 in	 European	 Mediterranean	 breeds	 (Decker	 et	 al.,	
2014).	Hence,	domestic	cattle	display	extensive	temporal	and	spatial	
variations	in	phenotype	and	genetic	makeup	(Elsik,	Tellam,	&	Worley,	
2009)	including	body	size	variation	such	as	dwarfism,	the	molecular	
genetic	basis	of	which	also	varies	widely.	For	example,	Boegheim,	
Leegwater,	Lith,	and	Back	(2017)	explained	that	the	inherited	forms	
of	dwarfism	in	some	cattle	breeds	are	caused	by	genetic	mutations	
leading	to	structural,	hormonal,	and	signaling	pathway	disruptions.	
However,	 DCB	 may	 be	 evolved	 following	 dispersal	 to	 extremely	
isolated	 environments,	 for	 example,	 the	 evolution	 of	 dwarf	 Anoa 
buffaloes	at	Sulawesi	and	Sunda	 islands	 (Rozzi,	2017).	The	 Indicus	
haplotype	 consists	 of	 both	 dwarf	 (DCB)	 and	 standard	 size	 (SCB)	
cattle	breeds.	A	proportionate	reduction	in	body	size	(and	hence	a	
greater	surface	area	to	volume	ratio	 to	 improve	thermoregulation)	
is	 one	 possible	 evolutionary	 adaptation	 to	 increasing	 heat	 stress	
(Collier	&	Gebremedhin,	2015;	Rozzi,	2017;	Savolainen	et	al.,	2013)	
but	this	is	subject	to	evolutionary	and	agronomic	trade‐offs	(Tilman	
et	al.,	2017).	For	example,	larger	high‐yielding	breeds	are	preferred	
over	native	 smaller	breeds	 in	 intensive	agriculture.	However,	DCB	
such	as	 the	Vechur	breed	 (Figure	1)	may	 represent	 candidates	 for	
adaptation	to	global	climate	change	due	to	their	climatic	resilience	
(Eisler	et	 al.,	2014).	Kerala	 state	 in	 India,	with	93%	crossbred	SCB	
(B. t. indicus × B. t. taurus)	 and	 6%	DCB	 (B. t. indicus),	 represents	 a	
large‐scale	“natural	experimental	spot”	for	studying	domestic	cattle	
evolution	in	action.
Climate	is	one	of	the	main	explanatory	variables	for	large	rumi‐
nant	morphology	and	 largely,	phenotypic	changes	are	confined	 lo‐
cally	due	to	geographical	isolation	(Hill,	Hill,	&	Widga,	2008;	Martin	
et	al.,	2018).	However,	not	all	 species	have	decreased	 in	 size	over	
time	and	mechanisms	other	than	improved	heat	dissipation	may	con‐
tribute	to	size	reduction	(e.g.,	changes	in	food	availability	or	hunting;	
see	Hill	 et	 al.,	 2008;	Machac,	Graham,	&	Storch,	 2018).	 Increased	
temperature	and	humidity	affect	physiology	and	in	turn	functional	
traits	like	body	size	in	different	ways	(Kim,	Park,	&	Sin,	2018).	There	
is	 an	 inverse	 relationship	 between	 enhancing	 environmental	 tem‐
perature	and	body	size	of	ruminants	in	the	last	40,000	years	since	
warming	decreases	body	size	by	altering	metabolic	loads	and	avail‐
able	 resources	 (Martin	 et	 al.,	 2018).	 Phylogenetic	 diversity	 (PD,	
which	 measures	 evolutionary	 history	 among	 taxa)	 and	 functional	
diversity	 (FD,	 that	 represents	 quantitative	measures	 of	 functional	
traits,	 like	body	size)	capture	the	patterns	in	the	diversity	of	traits,	
and	 studying	 their	 interaction	 can	 be	 informative	 (Tucker,	Davies,	
Cadotte,	&	Pearse,	 2018).	 Thus,	 linking	 physiology	 and	phylogeny	
may	 help	 to	 identify	mechanisms	 of	 dwarfing	 in	 cattle	 and	 aid	 to	
forecast	the	effect	of	environmental	warming	on	ruminant	adapta‐
tion	and	evolution.	We	hypothesized	 that	concomitant	 increase	 in	
temperature	and	humidity	in	Kerala	has	resulted	in	adaptive	changes	
in	physiology	and	genetic	architecture	which	may	have	facilitated	a	
high	 level	of	morphological	diversification	 in	 cattle,	 leading	 to	 the	
evolution	of	dwarf	breeds.
In	 the	 present	 study,	we	 assessed	 the	 acute	 heat	 tolerance	 in	
DCB	 (Vechur	 and	 Kasargode)	 and	 SCB	 (crossbreds)	 in	 a	 tropical	
field	 environment	 by	 measuring	 changes	 in	 both	 phenotypic	 and	
genotypic	 traits.	 Using	 a	 combined	 physiological	 and	 phylogenic	
approach,	we	 explain	 how	 and	why	 body	 size	 declined	 in	 domes‐
tic	cattle	and	how	this	enhanced	heat	tolerance.	Our	aims	were	to	
understand	the	physiological	basis	and	demonstrate	the	evolution‐
ary	origins	of	differential	heat	adaptation	and/or	acclimatization	in	
morphologically	distinct	domestic	cattle.	Specifically,	we	evaluated	
the	effects	of	acute	heat	stress,	and	rates	of	climatic‐niche	evolution	
of	functional	traits,	 in	a	morphologically	distinct	population	of	do‐
mestic	cattle.	Next,	we	determined	whether	 the	variation	 in	 traits	
changed	systematically	across	genetic	groups	representing	different	
molecular	mitochondrial	phylogenetic	scales	by	mapping	evolution‐
ary	processes	on	to	the	trait	diversity	(Lajbner	et	al.,	2018).	Thus,	we	
explored	the	potential	 for	 integrating	physiological	responses	with	
molecular	phylogeny	to	appreciate	the	physiological	and	evolution‐
ary	costs	of	body	size	changes.
2  | MATERIAL S AND METHODS
2.1 | Study site
Kerala	 (10.8505°N,	 76.2711°E),	 located	 in	 SW	 India,	 has	 hot	 and	
humid	summer	season	from	January	to	May	and	a	warm	and	humid	
monsoon	season	from	June	to	December.	The	average	temperature	
humidity	index	(THI,	see	below)	ranges	from	72	to	83	throughout	the	
year.	Although	the	maximum	temperature	rarely	rises	above	35°C,	
relative	humidity	is	high	resulting	in	high	THI,	which	can	cause	high	
heat	 stress	 in	cattle.	Dwarf	cattle	breeds	 (DCB)	and	standard	size	
cattle	breeds	(SCB)	are	ideal	for	comparative	studies	because	they	
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represent	closely	related	 intraspecific	 incipient	breeds,	with	vastly	
different	 size,	 which	 have	 radiated	 to	 fill	 different	 geographical	
niches	(see	Supporting	information	Figure	S1).
2.2 | Meteorological data and heat 
stress assessment
Temperature	humidity	index	(THI,	expressed	as	arbitrary	unit)	de‐
notes	the	combined	effect	of	ambient	temperature	and	humidity,	
and	 is	used	to	monitor	heat	stress	 impact	 in	cattle.	However,	 the	
THI	does	not	comprise	key	climatic	variables	such	as	wind	veloc‐
ity	and	intensity	of	solar	radiation.	Similarly,	THI	does	not	account	
management	factors	(e.g.,	access	to	shade)	or	animal	factors	(gen‐
otype	 differences).	 Heat	 load	 index	 (HLI,	 expressed	 as	 arbitrary	
unit)	 is	 a	measure	 of	 body	 heat	 gain	 and	 a	 correlated	 index,	 and	
the	accumulated	heat	load	(AHL,	expressed	as	arbitrary	unit)	takes	
into	 account	 the	duration	of	 exposure	 to	heat.	 The	Accumulated	
Heat	Load	Index	(AHLI,	expressed	as	arbitrary	unit)	is	the	cumula‐
tive	 AHL	 over	 a	 given	 period	 in	 a	 day	 (Gaughan,	Mader,	 Holt,	 &	
Lisle,	2008;	Gaughan,	Mader,	Holt,	Sullivan,	&	Hahn,	2010).	These	
indices	 are	used	 for	 assessing	differential	 tolerance	among	pure‐
bred	and	crosses	of	Bos taurus	 and	Bos indicus	 cattle	 (Lees,	Lees,	
Lisle,	Sullivan,	&	Gaughan,	2018)	and	also	for	developing	genomic	
estimated	 breeding	 values	 (GEBV)	 for	 heat	 tolerance	 (Nguyen,	
Bowman,	Haile‐Mariam,	Pryce,	&	Hayes,	2016).	The	ambient	tem‐
perature	(Ta,	°C),	relative	humidity	(RH,	%),	intensity	of	solar	radia‐
tion	(SR,	Wm–2),	and	wind	speed	(WS,	ms–1)	over	the	study	period	
were	 obtained	 from	 nearby	 Kerala	 Agricultural	 University	 auto‐
matic	weather	station,	and	the	THI,	HLI,	and	AHL	were	determined.
THI	=	(1.8	×	Ta	+	32)	–	(0.55	–	0.0055	×	RH)		×		(1.8	×	Ta	–	26)
HLI	=	8.62	+	(0.38	×	RH)	+	(1.55	Ta	–	0.5	WS)	+	[e2.4–WS]
AHL	=	IF	 [HLI	<	HLILT,	 (HLI–HLILT)/M],	 IF	 [HLI	>	HLIUT,	 (HLI–
HLIUT)/M,	0)],	where	HLILT	is	the	HLI	threshold	below	which	cattle	
will	dissipate	heat	(here,	81	for	crossbred	cattle),	HLIUT	is	the	HLI	
threshold	above	which	cattle	will	gain	heat	(here,	90	for	crossbred	
cattle),	and	M	the	number	of	measurements	per	hour	 (here	M	=	2,	
Bohmanova,	Misztal,	&	Cole,	2007).
These	indices	vary	in	their	ability	to	evaluate	heat	stress.	For	ex‐
ample,	for	humid	climates,	indices	with	a	larger	weighting	for	humid‐
ity	are	used	(Bohmanova	et	al.,	2007).	Generally,	the	lower	threshold	
THI	value	for	cattle	is	72	(Bohmanova,	Misztal,	Tsuruta,	Norman,	&	
Lawlor,	 2008).	 For	 purebred	 and	 crosses	 of	Bos taurus	 cattle,	HLI	
from	70	to	96	indicates	thermoneutral	to	extreme	heat	load	condi‐
tions	(Gaughan,	et	al.,	2010).
2.3 | Animals
The	Vechur	and	Kasargode	cattle	were	derived	from	local	popula‐
tions	in	the	Vechur	and	Kasargode	areas	of	Kerala	and	conserved	
ex	 situ	 at	 the	 Kerala	 Veterinary	 and	 Animal	 Sciences	University	
farm.	 Ten	 adult	 lactating	 nonpregnant	 animals	 each	 of	 Vechur,	
Kasargode,	 and	 SCB	 (30	 in	 total)	 were	 selected	 from	 the	 wider	
population	at	the	university	farm.	The	selected	animals	grazed	na‐
tive	pasture	during	the	day	and	were	housed	at	night.	They	were	
trained	in	the	sampling	procedures	in	a	presampling	exposure	pe‐
riod,	which	 reduced	 handling	 stress	 during	 the	 sampling	 period.	
The	 animals	 were	 free	 of	 any	 infectious	 diseases	 and	 were	 all	
in	 good	health.	Over	 a	period	of	10	days	 in	 the	 summer,	we	ob‐
served	the	animals,	grazing	from	08.00	to	14.00	under	THI	ranging	
from	75	to	83.	After	morning	milking,	grass	ration	 (Napier	grass;	
Pennisetum purpureum,	harvested	the	same	day)	and	drinking	water	
were	given.	Baseline	physiological	measurements	were	made,	and	
a	blood	 sample	 collected	 in	 the	 shed	before	 cattle	was	 taken	 to	
the	pasture	at	08:00,	where	they	grazed	with	no	shade	until	14.00.	
Drinking	water	was	provided	ad	libitum.	The	Institutional	Animal	
Ethics	 Committee	 of	 Kerala	 Veterinary	 and	 Animal	 Sciences	
University,	Kerala,	India,	had	approved	the	experimental	protocol.
2.4 | Response variables
2.4.1 | Physiological measurements
We	 measured	 physiological	 variables	 at	 half‐hour	 intervals	 start‐
ing	from	08:00	to	14:00.	We	recorded	rectal	temperature	(RT,	°C.)	
with	a	digital	clinical	thermometer.	We	counted	flank	movements	for	
1	min	with	 the	 help	 of	 a	 stopwatch	 and	 recorded	 respiration	 rate	
(RR,	 breaths/min).	 The	heat	 tolerance	 coefficient	 (HTC,	 expressed	
as	 arbitrary	 unit)	 was	 derived	 from	 physiological	 measurements,	
HTC	=	RR/23	+	RT/38.3	 (Bianca,	 1963).	 Pulse	 rate	 (PR,	 beats/min)	
was	 recorded	 for	 1	min	using	 a	 stethoscope.	 Starting	 from	08:00,	
5	ml	of	blood	was	collected	at	2‐hr	intervals	via	the	jugular	venous	
puncture	 in	 the	 vacutainer	with	 5	mg	 EDTA	 as	 the	 anticoagulant,	
under	 aseptic	 conditions	 for	 hematological	 and	 genetic	 analysis.	
Blood	samples	(5	ml)	without	EDTA	were	also	collected,	centrifuged	
at	 450	×	g	 for	 10	min,	 and	 stored	 at	 −20°C	 for	 determination	 of	
serum	cortisol	concentration	using	an	enzyme	immunoassay	kit	(EIA	
steroid	cortisol	kit,	Agappe	Diagnostics	Limited,	India).
2.4.2 | Quantitative real‐time PCR (Q‐RT‐PCR)
We	 isolated	 total	 l	 RNA	 immediately	 after	 collecting	 blood	 using	
GeneiPure	RNA	extraction	kit	 (Cat.	No.	KT‐173,	Genei,	Bangalore)	
following	 the	 manufacturer’s	 recommendations.	 All	 solutions	 and	
buffers	 were	 prepared	 in	 RNase‐free	 glassware	 and	 0.1%	 DEPC	
(diethylpyrocarbonate)‐treated	 water.	 Before	 beginning	 the	 ex‐
periment,	consumables,	equipment,	and	work	surfaces	were	made	
RNase‐free	by	using	RNaseZAP®	solution	(Cat.	No.	R2020,	Sigma‐
Aldrich).	 To	make	 blood	 samples	 RNase‐free,	 RNAlater®	 (Cat.	No.	
R0901,	Sigma‐Aldrich)	was	used.	DNase	treatment	was	conducted	
using	 DNase1	 kit	 (Cat.	 No.	 AMP‐D1,	 Sigma‐Aldrich).	 The	 RNA	
was	 quantified	 using	 a	 spectrophotometer	 (NanoDrop	 ND‐1000,	
Thermo	 Scientific,	 USA).	We	 checked	 the	 RNA	 quality	 using	 aga‐
rose	gel	electrophoresis	(0.8%).	The	relative	quantification	of	gene	
expression	was	carried	out	using	 Illumina	Eco®	Q‐RT‐PCR	system	
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using	 SYBR	 green	 chemistry,	 giving	 the	 difference	 in	 expression	
(ΔCt)	of	 target	genes	HSP70	 (heat	shock	protein	70),	ATP1A1	 (so‐
dium	potassium	ATPase),	and	GAPDH	(glyceraldehyde	3	phosphate	
dehydrogenase)	versus	reference	gene	ACTB	(Sambrook,	Fritsch,	&	
Maniatis,	1989).	The	GAPDH	was	used	as	reference	gene	for	ACTB.	
After	exposure	to	heat	stress,	the	fold	changes	(relative	quantifica‐
tion—RQ)	in	the	expression	of	the	above	four	genes	were	assessed	
by	comparing	between	genetic	groups	using	RQ	=	2–∆∆Ct. The oligo‐
nucleotide	primers	 for	HSP70,	ATP1A1,	ACTB,	and	GAPDH	genes	
were	 designed	 using	 IDT	 primer	 design	 software	 (www.idtdna.
com/Primerquest)	 and	 custom	 synthesized	 from	 Sigma‐Aldrich	
(Supporting	information	Table	S1).	The	cDNA	was	synthesized	from	
a	constant	amount	(1	µg)	of	total	RNA	using	cDNA	synthesis	kit	(Cat.	
No.	K1621,	 Fermentas)	 as	 per	 the	manufacturer’s	 instruction.	 For	
Q‐RT‐PCR,	Maxima	SYBR	Green	Q‐PCR	Master	Mix	with	ROX	was	
used	(Cat.	No.	K0221,	Thermo	Scientific)	and	was	carried	out	in	96‐
well	plates	in	a	thermal	cycler	(Bio‐Rad,	Thermal	cycler,	USA)	as	per	
manufacturer’s	instructions.	Separate	PCR	reactions	were	set	up	for	
HSP70,	ATP1A1,	ACTB,	and	GAPDH	genes.	We	amplified	each	sam‐
ple	in	triplicate	(technical	replicates)	in	a	reaction	volume	of	12.5	µl,	
which	 contained	 1	µl	 of	 cDNA+1	µl	 each	 of	 forward	 and	 reverse	
primers	(10	pm/µl)	+	6.25	µl	Maxima	SYBR	Green	qPCR	Master	Mix	
(2X)	+	3.25	µl	 nuclease‐free	 water.	 We	 followed	 two‐step	 Q‐RT‐
PCR	protocol.	The	segment	1comprised	of	enzyme	activation	(single	
cycle,	 95°C	 for	10	min).	 Segment	2	 included	denaturation	 and	 an‐
nealing/extension	 (35	cycles,	95°C	for	15	s,	and	60°C	for	60	s,	 re‐
spectively).	These	were	followed	by	a	melting	step	by	gentle	heating	
from	62°C	to	75°C	and	finally	a	cooling	down	at	4°C.	We	performed	
data	acquisition	during	the	annealing	step.	In	addition,	one	nontem‐
plate	control	 (NTC)	 for	each	gene	and	 reverse	 transcription	minus	
(RT	minus)	control	for	each	sample	and	a	negative	control	(with	only	
nuclease‐free	water)	were	also	included.
2.4.3 | Mitochondrial genome sequencing
We	 sequenced	 a	 set	 of	 four	 mitochondrial	 DNA	 (mtDNA)—three	
dwarf	 cattle;	 Vechur,	 Kasargode,	 and	 Wayanad,	 and	 one	 cross‐
bred	 cattle	 by	 using	 long‐range	 PCR.	 We	 amplified	 the	 entire	
mtDNA	 genome	 with	 a	 set	 of	 two	 overlapping	 PCR	 fragments.	
Sequencing	 was	 done	 by	 next‐generation	 sequencing	 with	
Illumina	 HiSeq.	 (Primers‐F15’TTAACCCAAAGCAAGGCACT3,	
R15’TGAGGATTGTTAGGGCTGCT	3’,	F25’CCAAGCCTATGTATTCA
CTCTCC3’,	R2	5’GGGGCCTGCGT	TTA	TATA	TT	G3’).	The	amplicons	
were	 fragmented,	 end	 repaired,	 adenylated,	 adapter‐ligated,	 and	
then	amplified	by	PCR.	The	amplified	DNA	 library	was	run	on	the	
tape	station	for	size	distribution,	and	the	concentration	was	meas‐
ured	 using	Qubit.	 The	DNA	 library	 thus	 prepared	was	 sequenced	
on	 the	HiSeq	 that	generated	2	×	250	bp	paired‐end	 reads.	Quality	
testing	 like	base	quality	 score	distribution,	 sequence	quality	 score	
distribution,	and	GC	distribution	were	done,	and	quality	sequences	
were	retained	for	further	analysis.	Illumina	adapters	were	trimmed	
from	paired‐end	reads	using	CutAdapt	 (Martin,	2011).	The	paired‐
end	reads	were	assembled	using	IVA	(Hunt	et	al.,	2015)	and	checked	
for	errors	using	SEQuel	(Ronen,	Boucher,	Chitsaz,	&	Pevzner,	2012).	
The	 assembled	 mitochondrial	 genomes	 were	 annotated	 using	
MITOS	(Bernt	et	al.,	2013),	and	the	diagrammatic	representation	of	
the	mitochondrial	genomes	was	created	using	CGView	(Stothard	&	
Wishart,	2004).
2.4.4 | Statistical analysis
We	 conducted	 statistical	 tests	 in	 R	 version	 3.5.1	 (R	 Core	 Team,	
2018).	We	 tested	 the	 impact	 of	 heat	 stress	 on	 different	 breeds	
(physiological,	hematological,	 serum	cortisol,	 and	 relative	expres‐
sion	of	candidate	genes)	using	separate	 linear	mixed‐effect	mod‐
els.	For	model	fitting,	we	used	the	“lme4”	package.	The	correlation	
plots	and	principal	component	analyses	were	done	using	“ggplot2,	
devtools,	and	ggbiplot”	packages.	We	tested	the	influence	of	body	
size	 and	 temperature	 humidity	 index	 (THI)	 on	 acute	 heat	 stress	
response	 of	 cattle	 with	 repeated‐measures	 ANOVA	 using	 linear	
mixed‐effect	models	and	report	the	final	accepted	model.	Animals	
were	taken	as	the	random	effect.	ANOVA	(model)	in	“car”	package	
was	 used.	 The	 random	 effects	 in	 the	model	were	 checked	 using	
“gls”	function	in	“nlme”	package.	We	selected	p‐value	and	pseudo‐
R‐squared	for	the	model	using	the	“nagelkerke”	function	in	“rcom‐
panion”	package.	Post	hoc	analysis	was	done	using	Tukey	adjusted	
comparisons	in	“lsmeans	and	multcompview”	packages.	Interaction	
plots	were	made	using	“groupwiseMean”	function	in	“rcompanion	
and	ggplot	2”	packages.	We	estimated	the	natural	means	of	each	
breed	with	THI	grouping.	We	calculated	confidence	interval	of	each	
means	with	the	percentile	method	and	checked	for	homoscedastic‐
ity	and	independence	by	plotting	residuals	versus	fitted	values.
2.4.5 | Phylogeny
We	linearized	the	mitochondrial	genomes	from	the	12S	rRNA	gene	
and	 aligned	 in	 MAFFT	 v.7.308	 (Katoh	 &	 Standley,	 2013;	 Katoh,	
Misawa,	Kuma,	&	Miyata,	2002)	 in	Geneious	10.0.9	 (Kearse	et	 al.,	
2012).	For	phylogenetic	reconstruction,	we	used	the	GTR	+	I	+	G	nu‐
cleotide	substitution	model	for	the	preliminary	phylogeny,	and	fur‐
ther	the	HKY	+	I	+	G	model	to	fine‐scale	Bos indicus	phylogeny,	using	
AIC	in	jModeltest	2.1.10	(Darriba,	Taboada,	Doallo,	&	Posada,	2012;	
Posada,	 2008).	 The	 maximum‐likelihood	 phylogeny	 was	 recon‐
structed	using	PhyML	(Guindon	&	Gascuel,	2003).	The	substitution	
model	was	selected	in	jModeltest;	beginning	the	tree	with	optimized	
topology,	length,	and	rate	factors.	Topology	searching	was	done	by	
the	best	of	NNI	and	SPR,	using	500	bootstraps.	Origin	and	subhap‐
lotype	affiliation	of	mitogenomes	considered	in	this	study	are	given	
in	Supporting	information	Table	S5.
3  | RESULTS
3.1 | Physiological responses
We	calculated	mean	temperature	humidity	index	(THI)	for	different	
periods	 of	 the	 day:	 prestress	 (08:00–10:00,	 THI	=	75.3–79.2)	 and	
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heat	stress	(10.00–14:00,	THI	=	80.5–82.8,	Supporting	information	
Figure	S2).	For	SCB,	a	threshold	HLI	of	90	was	observed,	whereas	
for	DCB	the	threshold	HLI	was	not	reached.	Accumulated	heat	load	
(AHL,	a	measure	of	heat	 load)	was	evident	in	SCB	but	not	in	DCB.	
Under	 increasing	AHL,	SCB	showed	clinical	signs	of	thermal	strain	
such	as	open‐mouthed	breathing,	salivating,	reluctance	to	rise,	en‐
hanced	licking	of	the	skin,	and	overall	dullness.	SCB	had	a	low	rectal	
temperature	(RT)	relative	to	DCB	at	the	beginning	of	the	study,	but	
this	increased	upon	heat	exposure	(Figure	2,	Supporting	information	
Tables	S2–S4,	 Supporting	 information	Figure	S3).	 In	 addition,	 SCB	
had RTdiff	(difference	in	rectal	temperature	before	and	after	heat	ex‐
posure)	of	5.4°C,	while	 that	 for	Vechur	and	Kasargode,	cattle	was	
2.9°C	and	3.1°C,	respectively.	Trends	for	RT	and	respiratory	rate	(RR)	
were	similar	in	Vechur	and	Kasargode	but	trends	for	pulse	rate	dif‐
fered	between	them	(Figure	2,	Supporting	information	Tables	S2–S4,	
Supporting	 information	Figures	S3–S5).	Heat	 tolerance	coefficient	
(HTC,	a	measure	of	heat	tolerance)	combining	RT	and	RR	proved	to	
be	a	good	indicator	of	tolerance	in	different	genetic	groups	studied	
(Supporting	information	Figure	S6).
3.2 | Hematology, serum cortisol, and 
gene expression
Among	 hematological	 parameters,	 DCB	 had	 low	 mean	 corpuscu‐
lar	volume	(MCV),	the	typical	volume	of	a	red	blood	cell	 (Figure	3,	
Supporting	information	Table	S3,	Supporting	information	Figure	S7).	
Hemoglobin	concentration	increased	as	body	size	reduced	(Figure	3,	
Supporting	 information	 Table	 S3,	 Supporting	 information	 Figures	
S8–S9).	 Other	 hematological	 values	 such	 as	 red	 blood	 cell	 count,	
white	blood	cell	count,	neutrophil–lymphocyte	ratio,	and	packed	cell	
volume	were	also	altered	in	SCB	(Figure	3,	Supporting	information	
Table	S3,	Supporting	information	Figures	S10–S13).	Heat	stress	trig‐
gered	significant	cortisol	secretion,	and	upregulation	of	HSP70,	but	
not	 the	other	nonheat	shock	 response	 (non‐HSR)	candidate	genes	
(Figure	3,	Supporting	information	Table	S3,	Supporting	information	
Figure	S14).
3.3 | Phylogeny
We	 used	 the	 mitogenome	 of	 the	 world’s	 smallest	 cattle	 (Vechur	
breed,	Guinness	World	Records	Limited,	2016)	and	other	B. taurus 
and	B. indicus	cattle	to	reconstruct	the	maximum‐likelihood	phylog‐
eny,	with	 sheep	 and	 goat	 sequences	 as	 the	 outgroup	 (Supporting	
information	 Table	 S5).	 As	 expected,	 Vechur	 fell	 into	 the	B. indicus 
clade	(Figure	4).	A	maximum‐likelihood	phylogeny	was	then	recon‐
structed	for	breeds	within	the	B. indicus group,	including	other	DCB	
and	a	crossbred	lineage,	with	the	B. taurus reference	sequence	as	the	
outgroup.	Vechur	and	Wayanad,	other	dwarf	cattle	from	a	different	
area	of	Kerala,	India,	clustered	in	the	Indicus	1	haplotype	(I1),	while	
Kasargode	clustered	in	the	Indicus	2	(I2)	haplotype,	more	closely	re‐
lated	to	SCB	I2	than	the	other	DCB	(Figure	5).
4  | DISCUSSION
Our	data	support	our	hypothesis	that	warm	climate	has	caused	a	de‐
cline	in	the	body	size	of	domestic	cattle	Bos spp.,	as	DCB	is	tolerant	
and	adapted.	However,	SCB	has	acclimatized	to	heat	through	physio‐
logical	plasticity,	reflecting	the	parallel	evolution	of	adaptive	thermal	
tolerance	and	body	size.	Specifically,	the	adaptation	in	dwarf	cows	
has	been	mediated	 through	evolutionary	changes	as	evidenced	by	
molecular	 phylogenetic	 analysis	 using	 the	 mitochondrial	 genome,	
while	acclimatization	in	crossbred	cows	has	been	achieved	through	
alterations	in	physiological,	hormonal,	and	gene	expression	profiles.	
We	also	observed	that	genetic	changes	in	the	mitochondrial	genome	
are	associated	with	cellular	and	body	size	and	hemoglobin	concen‐
tration	in	phenotypically	disparate	cattle	breeds	that	are	evolved	in	
different	geographical	niches.	These	 findings	 illustrate	 that	 reduc‐
tion	in	body	size	increases	heat	tolerance.	Our	study	delineates	the	
adaptive	 and	 plastic	 phenotypic	 and	 genotypic	 changes,	 both	 in	
body	size	and	in	thermal	tolerance	in	domestic	cattle	shaped	by	par‐
allel	evolution	and	acclimatization,	and	improves	our	understanding	
of	species	responses	to	climate	warming.
F I G U R E  1  Manikyam—the	smallest	Vechur	cattle	(Guinness	
World	Records	Limited,	2016).	Vechur	is	the	smallest	breed	of	
cattle	originated	in	the	Vechur	area	in	Kerala,	India.	The	average	
weight	and	height	of	adult	Vechur	cattle	range	from	50	to	130	kg	
and	61	to	90	cm,	respectively
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Homeostatic	 regulators	 of	 physiological,	 hematological,	 endo‐
crine,	and	molecular	pathways	drive	the	acute	heat	stress	response,	
which	in	turn	is	modified	by	the	genetic	architecture	(Mitchell	et	al.,	
2018).	Cattle	rely	more	on	evaporative	cooling	for	heat	dissipation	
(Mitchell	et	al.,	2018),	with	humidity	as	the	limiting	factor	in	humid	
climates	and	temperature	in	dry	climates	(Bohmanova	et	al.,	2007).	
The	body	weight	and	height	of	adult	DCB	range	from	50	to	130	kg	
and	61	to	90	cm,	respectively.	To	meet	the	growing	demand	for	milk	
and	meat,	crossbred	cattle	(SCB),	which	are	crosses	of	taurine	breeds	
(Holstein‐Friesian,	Jersey,	and	Brown	Swiss)	with	standard‐sized	ind‐
icine/zebu	breeds	(mostly	Red	Sindhi),	were	introduced	to	Kerala	in	
the	1960	s.	They	now	account	for	approximately	93%	of	the	cattle	
population	in	Kerala.	The	average	height	and	weight	of	SCB	are	120–
150	cm	and	300–375	kg,	respectively.	Vechur	has	a	high	genetic	dis‐
tance	from	other	Indian	DCB	such	as	Malanad	Gidda	and	Punganur	
(Ramesha	et	al.,	2016).	A	decline	in	body	size	is	considered	consis‐
tent	with	warming	(Gardner	et	al.,	2011;	Klockmann	et	al.,	2017)	as	
smaller	 individuals	 are	 better	 able	 to	 dissipate	 heat	 (Martin	 et	 al.,	
2018).	As	observed	 in	our	study,	under	high	humidity	SCB	cannot	
exchange	heat	optimally,	resulting	in	heat	accumulation.	The	dynam‐
ics	of	climate	driven	diversification	and	distribution	change	with	the	
growth	and	accumulation	of	clades	over	time	at	different	locations	
F I G U R E  2  Changes	in	vital	physiological	parameters	in	response	to	heat	stress	(a)	Correlation	plot	showing	changes	in	rectal	temperature	
‐°C	(RT),	respiratory	rate‐breaths/minute	(RR),	and	pulse	rate‐beats/minute	(PR)	in	response	to	increase	in	temperature	humidity	index	(THI)	
from	75.3	to	82.8	under	field	conditions	in	Vechur	(blue),	Kasargode	(green),	and	crossbred	(red)	cattle.	(b)	Principal	component	analysis	
biplot	showing	the	relationship	of	RT,	RR,	and	PR	with	THI.	Endotherms	maintain	constant	RT	by	altering	the	physiological	parameters—RR	
and	PR.	Here,	heat‐sensitive	crossbred	cattle	shows	heterothermy.	Vechur	and	Kasargode	cattle	employ	differential	thermoregulatory	
strategies	as	Vechur	relied	more	on	PR,	while	Kasargode	relied	on	RR.	Molecular	phylogeny	of	different	genetic	groups	using	mitochondrial	
genome	sequencing	explains	evolutionary	sequel	of	this	phenomenon
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(Machac	et	al.,	2018).	Thus,	the	positive	heat	balance	in	SCB	over	an	
evolutionary	period	may	have	caused	genetic	 changes	 resulting	 in	
dose‐dependent	variation	in	traits	including	body	size,	eventually	re‐
sulting	in	the	origin	of	dwarf	cattle	in	hot	and	humid	southern	coastal	
areas	of	the	Indian	subcontinent	(Martin	et	al.,	2018;	Rozzi,	2017).
One	notable	 feature	observed	 in	 the	study	was	 the	difference	
in	vital	physiological	and	hematological	parameters	between	Vechur	
and	Kasargode	during	heat	stress.	In	Vechur,	the	slope	of	the	rela‐
tionship	between	rectal	temperature	and	pulse	rate	was	greater	than	
for	 Kasargode,	 which	 had	 a	 stronger	 relationship	 between	 rectal	
temperature	and	respiratory	rate.	Specifically,	Vechur	relied	more	on	
pulse	rate,	while	Kasargode	relied	on	the	respiratory	rate	to	maintain	
body	temperature.	This	differential	degree	of	dependence	was	also	
evident	 in	other	 response	variables.	The	differential	 strategy	used	
by	these	two	DCB	lineages	indicates	that	heat	tolerance	is	not	only	
associated	 with	 morphological	 characteristics	 like	 body	 size.	 This	
observation	is	also	intriguing	because	it	reveals	that	the	two	breeds	
from	 similar	 environments	 and	with	 apparent	 phenotypic	 similari‐
ties	employ	different	physiological	pathways	and	thermoregulatory	
strategies.	A	previous	study	reported	a	predominance	of	sweating	in	
some	cattle	breeds,	while	others	were	more	prone	to	thermal	poly‐
pnea	 during	 heat	 stress	 (Pereiraet	 al.,	 2014).	 Overall,	 Vechur	was	
the	most	 tolerant	 to	 heat	 stress,	 followed	 by	Kasargode	 and	 SCB	
the	 least	 tolerant,	 and	phylogenetic	 analysis	 revealed	 an	 indepen‐
dent	parallel	selection	for	this	in	the	two	DCB	lineages.	Therefore,	
by	combining	functional	and	evolutionary	studies,	we	can	conclude	
that	 both	DCB	 lineages	 provide	 different	 sources	 of	 adaptive	 po‐
tential	for	resilience	to	climate	change	in	livestock	(Savolainen	et	al.,	
2013;	Seebacher	et	al.,	2015).	The	different	phylogenetic	origins	and	
physiological	tolerance	mechanisms	of	co‐occurring,	phenotypically	
similar	populations	highlight	the	importance	of	preserving	domestic	
genetic	 diversity,	 including	multiple	 local	 breeds	with	 superficially	
similar	adaptations,	to	maintain	adaptive	potential	and	future‐proof	
our	domestic	gene	pools	against	environmental	change	(Hoffmann	
et	al.,	2017).
Also,	one	of	the	mechanisms	of	enhanced	tolerance	is	increased	
hemoglobin	concentration	(Brans	et	al.,	2017).	Here,	in	DCB,	hemo‐
globin	concentration	increased	as	body	size	reduced.	In	SCB,	other	
hematological	values	including	red	blood	cell	count,	white	blood	cell	
count,	 neutrophil–lymphocyte	 ratio,	 and	 packed	 cell	 volume	were	
also	 found	 to	be	valid	 indicators	of	 individual	 stress	 load.	Further,	
two	mechanisms	for	size	reduction	are	reduced	cell	size	and	reduced	
cell	 number	 (Hessen,	Daufresne,	&	Leinaas,	2013).	We	 found	 that	
RBC	is	significantly	smaller	 in	DCB	as	evidenced	by	reduced	MCV.	
Thus,	breeds	of	different	sizes	may	have	evolved	in	different	niches	
which	may,	in	turn,	have	determined	their	thermoregulatory	patterns	
(Pereira	et	al.,	2014).	We	illustrate	that,	continued	genetic	changes	
selected	under	heat	stress	would	have	resulted	in	reduced	cell	vol‐
ume	and	subsequent	body	size	reduction	in	DCB	(Gutierrez‐Alonso,	
Hawkins,	Cools,	Shaw,	&	Fraaije,	2017;	Rabouille	&	Alberti,	2017).
Furthermore,	 body	 temperature	 variation	 is	 associated	 with	
reduced	fitness,	with	more	extreme	daily	 fluctuations	correlated	
with	reduced	reproduction	in	wild	mammal	populations	(Maloney,	
Marsh,	 McLeod,	 &	 Fuller,	 2017).	 Cells	 recognize	 environmental	
fluctuations	through	sophisticated	signaling	pathways	and	hence	
stress	directly	affects	the	cellular	integrity,	function,	and	morphol‐
ogy	(Rabouille	&	Alberti,	2017)	and	shapes	mitochondrial	genome	
evolution	(Lajbner	et	al.,	2018).	The	maintenance	of	homeothermy	
during	heat	stress	in	SCB	was	achieved	primarily	by	heterothermy.	
In	SCB,	this	narrow	physiological	tolerance	can	result	in	an	accu‐
mulated	metabolic	 cost	 of	 plasticity	 and	 subsequent	 low	 fitness	
(Maloney	et	al.,	2017).	For	 instance,	as	high	hemoglobin	concen‐
tration	is	associated	with	a	high	metabolic	rate	at	higher	tempera‐
tures,	driven	by	high	oxygen	demand	(Portner	&	Knust,	2007),	the	
F I G U R E  3  The	effect	of	the	increase	
in	temperature	humidity	index	(THI)	from	
75.3	to	82.8	under	field	conditions	in	
Vechur,	Kasargode,	and	crossbred	cattle	
on	hematological,	serum	cortisol,	and	
gene	expression.	We	propose	the	change	
in	MCV	as	one	of	the	mechanisms	of	
dwarfing	in	Vechur	and	Kasargode	cattle.	
Increased	hemoglobin	concentration	in	
dwarf	cattle	shows	their	high	tolerance.	
White	blood	cell	count,	cortisol,	and	
relative	expression	(RE)	of	HSP70	gene	
showed	a	similar	pattern	in	crossbred	
cattle.	The	RE	of	ATP1A1,	GAPDH,	and	
ACTB	genes	showed	similar	trends	in	both	
dwarf	and	standard	size	breeds
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low	hemoglobin	 level	 in	SCB	reflects	 low	protection	against	oxi‐
dative	damage,	making	them	more	vulnerable	to	stress	(Collier	et	
al.,	2017).	Likewise,	a	significantly	higher	respiratory	rate	 in	SCB	
than	DCB	throughout	the	period	of	the	study	suggests	total	body	
deficit	of	bicarbonate	(HCO3–),	leading	to	respiratory	alkalosis	and	
the	potential	of	subsequent	metabolic	acidosis	and	further	stress	
susceptibility	(Collier	et	al.,	2017).
The	phylogeny	revealed	that	Vechur	and	Wayanad	clustered	in	the	
Indicus	1	haplotype	(I1),	while	Kasargode	clustered	in	the	Indicus	2	(I2)	
haplotype,	showing	a	convergent	evolution	of	dwarf	size	in	response	
to	high	heat	and	humidity	 in	cattle	breeds	 in	different	regions	 (Taye	
et	 al.,	 2017).	 The	mitochondrial	 genome	of	 dwarf	 cattle	might	 have	
evolved	through	selection	under	heat	stress	(Lajbner	et	al.,	2018).	In	
domestic	 cattle,	 dwarfing	 and	 tolerance	 is	 evolutionarily	 defined	by	
functional	traits	developed	through	maternal	founder	effect	and	ad‐
aptation	to	warm	environments	(Lenstra	et	al.,	2014).	Moreover,	dwarf	
cattle	 breeds—Vechur,	 Punganur	 and	Malanad	Gidda—follow	 a	 con‐
tinuous	distribution	 in	the	southern	part	of	the	 Indian	subcontinent.	
Specifically,	zebu	cattle	(Bos taurus indicus)	are	a	subset	of	taurine	cat‐
tle	(Bos taurus taurus),	and	dwarf	cattle	are	a	subset	of	zebu	cattle—a	
serial	multiple	 founder	effects	 (Horsburgh	et	al.,	2013).	 In	summary,	
in	 the	 absence	 of	 gene	 flow,	 the	 isolated	 dwarf	 cattle	 populations	
might	have	adapted	independently	to	their	environment	(Rozzi,	2017)	
through	dose‐dependent	selection	(Gutierrez‐Alonso	et	al.,	2017).
The	current	challenge	 is	to	understand	adaptive	capacity	 in	dif‐
ferent	 populations,	 using	 correlative,	 mechanistic,	 and	 trait‐based	
vulnerability	 assessments,	 particularly	 for	 those	 approaching	phys‐
iological	 limits	 (Mazel,	Mooers,	Riva,	&	Pennell,	2017).	For	the	first	
time,	heat‐tolerant	DCB	are	characterized	at	physiological,	molecular,	
and	phylogenetic	levels.	Previous	studies	have	shown	that	heat	stress	
responses	encompass	a	complex	network	of	pathways,	even	at	the	
cellular	level	(Collier	et	al.,	2017;	Rabouille	&	Alberti,	2017;	Savolainen	
et	 al.,	 2013).	We	 describe	 heat	 stress	 response	 quantitatively,	 dif‐
ferentiating	 adaptive	 and	 plastic	 changes	 in	 response	 to	 tempera‐
ture	 increase,	 and	 revealing	 different	 thermoregulatory	 strategies	
in	 different	 breeds	 of	 dwarf	 cattle.	 The	 results	 illustrate	 different	
physiological	factors	contributing	to	thermal	 limits	of	a	species	 in	a	
dose‐dependent	manner	(Gutierrez‐Alonso	et	al.,	2017)	and	their	ca‐
pacity	to	cope	with	varying	microclimates	(Maloney	et	al.,	2017).
The	 key	 strength	 of	 our	 work	 is	 the	 simultaneous	 evaluation	
of	physiological,	hormonal,	 and	molecular	changes	along	with	mo‐
lecular	 phylogenetic	 analysis	 using	 mitochondrial	 genomes	 of	 the	
different	genetic	groups	studied.	This	could	be	supplemented	with	
a	 broader	 study	 across	 morphologically	 disparate	 populations	 of	
livestock	to	assess	how	environment	has	influenced	trait	variations	
across	different	temporal	and	spatial	scales.	We	also	emphasize	the	
importance	of	local	responses	to	small‐scale	environmental	changes	
as	a	contributor	to	trait	variations.
F I G U R E  4  Maximum‐likelihood	
cladogram	showing	the	position	of	the	
Vechur	dwarf	cattle	within	the	Bos	genus,	
with	sheep	and	goat	as	outgroups.	Branch	
lengths	are	in	substitutions/site.	Clade	
support	values	are	%	bootstrap	support	
from	500	runs;	nodes	with	fewer	than	
50%	support	have	been	collapsed.	For	
further	details	of	sequences	used,	see	
Supporting	information	Table	S5
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Our	 findings	on	body	size	and	stress	 response	variation	based	
on	evolutionary	and	physiological	responses	are	likely	to	have	wider	
applications	for	other	wild	and	domestic	species	and	offer	insights	
into	stress	assessments	to	predict	biological	responses	to	global	cli‐
mate	change	(Collier	et	al.,	2017;	Maloney	et	al.,	2017).	In	addition,	
changes	in	functional	traits	like	body	size	have	significant	repercus‐
sions	for	the	thermal	biology	and	energetics	of	ruminants,	as	body	
size	directly	affects	energy	requisite	for	maintenance,	growth,	and	
production	 (Mitchell	 et	 al.,	 2018).	We	 argue	 that	 variations	 in	 the	
body	size	of	domestic	cattle	will,	 therefore,	 influence	resilience	to	
environmental	change	(Martin	et	al.,	2018).	Hence,	a	genomic,	tran‐
scriptomic,	 proteomic,	 and	 metabolomic	 approach	 is	 needed	 to	
understand	the	underlying	phenomena	of	body	size‐related	adapt‐
ability	 and	 acclimatization	 in	 diverse	 populations.	 Further	 studies	
using	our	combined	physiological	and	molecular	approach	may	elu‐
cidate	further	mechanistic	differences	between	stress	responses	in	
other	breeds	 and	 species	 that	may	assist	 to	prioritize	 targeted	 in‐
terventions	 both	 to	 increase	 species	 resilience	 and	 their	 adaptive	
capability	(Savolainen	et	al.,	2013;	Seebacher	et	al.,	2015).	To	con‐
clude,	we	must,	therefore,	select	and	breed	carefully	for	sustainable	
livestock	 production	 and	 preserve	 the	 domestic	 genetic	 resource	
diversity	we	already	have,	as	they	may	hold	the	solutions	to	adapt	
to	climate	change.
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